Background--Sex-related differences in cardiac function and iron metabolism exist in humans and experimental animals. Male patients and preclinical animal models are more susceptible to cardiomyopathies and heart failure. However, whether similar differences are seen in iron-overload cardiomyopathy is poorly understood.
I
ron is an essential element in biological systems because of its ability to shuttle between 2 oxidative states and plays a key role in cell metabolism and homeostasis. 1 Excess iron (iron overload) or lack of iron (iron deficiency) are the 2 major pathophysiological states of abnormal iron metabolism. 2, 3 Under physiological conditions, iron transport is highly conserved and controlled by iron transporters including transferrin and its receptors via negative feedback regulatory mechanisms. 4 However, in primary hemochromatosis and secondary iron overload, iron metabolism is perturbed, which leads to chronic iron overload and increased morbidity and mortality. 3, 5 Iron-overload cardiomyopathy is the most common cause of mortality in patients with secondary iron overload and is a major comorbidity in patients with primary hemochromatosis. [5] [6] [7] [8] Uncontrolled iron absorption causes transferrin saturation and increased levels of non-transferrin-bound iron, which is highly reactive, toxic, and triggers oxidative stress. 6 Ironinduced oxidative stress is a key driver in the pathogenesis of myocardial tissue injury and progressive development of ironoverload cardiomyopathy. 7, 9, 10 Excess iron promotes oxidative stress via the Fenton reaction, which plays a key pathogenic role in myocardial injury and heart failure. 9, [11] [12] [13] Sex-related differences do exist in the pathophysiology of cardiac diseases, and sex-specific pathways play a key role in separate group of male iron-overloaded WT mice were randomized to receive vehicle or 17b-estradiol treatment (0.04 mg/kg per day) during the terminal 21 days of iron overload using subcutaneously implanted continuous-release pellets (Innovative Research of America, Sarasota, FL). Treatment with a high-iron diet (Prolab â RHM 3000 with iron 380 ppm) to HJVKO mice for 6 months generated the murine model of genetic hemochromatosis. 30, 32 Ovariectomy Surgery Protocol
Ten-week-old WT and HJVKO female mice were subjected to bilateral ovariectomy as described previously. 24, 33 Briefly, mice were anesthetized by using isoflurane (1% to 1.5%) and maintained at 37°C on a heating pad. A midline abdominal incision was made in the skin and muscle layer, and the ovaries were identified and excised after ligation. Animals were carefully inspected after surgery. The removed ovaries were fixed in 10% buffered formalin and characterized by H&E staining to confirm complete removal of ovaries.
Plasma 17b-Estradiol Measurement
We used a 17b-estradiol kit (Cayman Chemical, Ann Arbor, MI) to measure plasma estrogen levels in female mice and in response to ovariectomy in accordance with the manufacturer's protocol as described previously. 14 
Echocardiography
Noninvasive transthoracic echocardiography was performed on anesthetized mice by using isoflurane (1% to 1.5%) as described previously. [34] [35] [36] A Vevo 770 high-resolution imaging system equipped with a 30-MHz transducer (RMV-707B; VisualSonics, Toronto, ON, Canada) was used, and systolic and diastolic cardiac functions were analyzed. Systolic function was assessed using B-mode and motion (M)-mode images of echocardiography.
M-mode images were obtained for measurements of left ventricular (LV) wall thickness, LV end-diastolic diameter (LVEDD), and LV end-systolic diameter (LVESD) (measures of LV dilation). LV fractional shortening (FS) and LV ejection fraction (EF) were calculated using the following equations: FS (%)=([LVEDDÀLVESD]/LVEDD)9100 and EF (%)=([LVEDVÀLVESV]
/LVEDV)9100. Diastolic function was assessed using pulsed-wave Doppler imaging of the transmitral filling pattern with the early transmitral filling wave (E-wave) followed by the late filling wave due to atrial contraction (A-wave). Isovolumetric relaxation time (IVRT) was calculated as the time from closure of the aortic valve to initiation of the E-wave. The deceleration time of the E-wave (DT) was determined by measuring the time needed for the downslope of the peak of the E-wave to reach the baseline, and the E-wave deceleration rate (EWDR) was calculated as the E-wave divided by the DT. Tissue Doppler imaging (TDI) represents a novel and validated technique to assess systolic and diastolic function, with a reduction in E 0 and an elevation in E/E 0 being considered as valid markers of elevated LV filling pressure and diastolic dysfunction. TDI was carried out at the inferolateral region in the radial short axis at the base of the LV with the assessment of peak annular systolic (S 0 ), early diastolic (E 0 ), and late diastolic (A 0 ) myocardial velocities as described previously.
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Invasive Hemodynamic Analysis
We performed invasive pressure-volume (PV) loop analysis by using a 1.2F Scisense catheter connected to an amplifier (TCP-500, Scisense Inc, London, ON, Canada). 34 Mice were anesthetized by using isoflurane (1% to 1.5%) and maintained at 37°C by use of a heating pad. An incision was made in the right common carotid artery, and the catheter was carefully inserted into the incision, advanced through the aortic valve, and placed into the LV chamber. The position of the catheter was monitored by pressure along with the magnitude and phase using an ADvantage pressure volume system (Scisense Inc, London, ON, Canada) and iworx (iWorx Systems Inc, Dover, NH) data acquisition system connected to the catheter. After the magnitude was established in the desired range, the phase was adjusted to 4 to 8 by adjusting the position of the catheter in the LV where the phase represents the conductivity imparted by the LV tissue. Following baseline PV measurements, transient inferior vena cava occlusion was performed through the diaphragm to obtain the alteration in venous return to derive end-diastolic pressure-volume relationships; transient infrarenal aorta occlusion was used to derive the end-systolic pressure-volume relationship. Loaddependent and load-independent indices of LV functions were derived. By determining the instantaneous values of pressure and volume at different time points, we determined the endsystolic pressure (ESP), end-diastolic pressure (EDP), endsystolic volume (ESV), and end-diastolic volume (EDV). Heart rate (HR) was determined from the beat-to-beat cycle length. The stroke volume (SV)=EDVÀESV, cardiac output (CO) =SV9HR, ejection fraction (EF)=SV/EDV, and the stroke work (SW) is the area under a PV-loop and was normalized to EDV to obtain preload-recruitable stroke work (PRSW), which is also a load-independent parameter. The preload-independent +dP/dt max , also called the Starling contractile index (SCI), was calculated by dividing +dP/dt max /EDV, which is a better index of myocardial contractility. +dP/dt max and ÀdP/ dt min are the first derivatives of the LV pressure, and their ratio (ÀdP/dt min /+dP/dt max ) and tau (s), the time constant of monoexponential pressure decay during isovolumic relaxation, reflect active relaxation. Systolic and diastolic cardiac performances were also assessed by the end-systolic pressure-volume relationship (ESPVR) and end-diastolic pressure-volume relationship (EDPVR), respectively, as described previously. 34, 36, 37 Histology and Fluorescence Staining
Mouse hearts were removed and arrested in diastole by using 1 mol/L KCl, fixed with 10% buffered formalin, and embedded in paraffin. Thin sections (5 lm) were used for Prussian blue, picro-sirius red (PSR), and Masson trichrome staining as described previously. 30, 38 Briefly, tissue sections were deparaffinized in xylene and alcohol grades, rehydrated in water, and subjected to staining as described previously. 30 The deposition of iron was visualized as blue depositions using bright-field microscopy. Myocardial collagen content was evaluated by using PSR staining and visualization using an Olympus IX81 microscope and image analysis using MetaMorph software (Molecular Devices, Sunnyvale, CA) as described previously. 30, 35, 38 4-Hydroxynonenal (4-HNE) immunofluorescence detected an important marker of ironinduced lipid peroxidation as previously described. 30 We also performed dihydroethidium (DHE) and dichlorodihydrofluorescein (DCF) fluorescence staining as described previously, 19, 35 which were visualized using an Olympus IX81 fluorescent microscope and quantified using the MetaMorph software.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling (TUNEL) Assay
The 5-lm-thick LV heart sections were subjected to TUNEL staining and visualized using an Olympus IX81 fluorescent microscope as described previously. 30, 34 Briefly, OCT sections were fixed with 4% paraformaldehyde and then hydrated with PBS at room temperature. Permeabilization was followed by blocking with 1% BSA for 30 minutes followed by incubation with the DNA-labeling solution for 1 hour at 37°C. Rinsing with buffer was followed by anti-BrdU incubation at 37°C for 1 hour and counterstaining with propidium iodide for 30 minutes at 37°C; the sections were then mounted with antifade and coverslip and visualized using an Olympus IX81 fluorescent microscope.
Tissue Iron Levels
Frozen LV tissues (20 mg) were subjected to inductively coupled plasma resonance mass spectrometry to quantify tissue iron level in the Trace Metals Laboratory (London, ON, Canada) as described previously.
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Measurement of Lipid Peroxidation and Glutathione
Malondialdehyde (MDA), an indicator of lipid peroxidation, was measured in myocardial tissues (100-150 mg) by using a commercially available kit (Bioxytech@ MDA-586TM, OxiResearch, Percipio Biosciences Inc, Los Angeles, CA) as described previously. 30, 31 Briefly, tissue samples were homogenized in potassium phosphate extraction (KPE) buffer pH 7.5 (0.1 mol/L potassium phosphate, 5 mmol/L EDTA, 0.1% Triton X-100, and 0.6% sulfosalicylic acids) containing 5 mmol/L BHT. The samples were then allowed to react with N-methyl-2-phenylindole (NMPI) in the acidic pH at 45°C for 1 hour. The clear supernatant was then collected and read at 586 nm using a plate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA). MDA levels were estimated using a standard curve derived using 0.5 to 4.0 lmol/L of standard MDA. Myocardial reduced glutathione (GSH) as well as oxidized glutathione (GSSG) levels were measured by using a plate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA) as described previously.
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Taqman Real-Time PCR 
Statistical Analysis
Statistical analysis was performed using SPSS software (version 23). Values are shown as meanAESEM. We performed the Shapiro-Wilk test, which confirmed that our data are normally distributed. Normally distributed data were analyzed using the 2-way ANOVA to evaluate the interactions between sex and iron diet (Figures 1 through 6 ) or ovariectomy and iron diet (Figures 7 through 14) as fixed factors. Main effects of sex/ovariectomy and iron were calculated accurately by excluding the interaction term. Normally distributed data from the 17b-estradiol therapy experiments were analyzed using the 1-way ANOVA followed by the Tukey post hoc test (Figures 15 and 16 ).
Results
Sex Difference in Iron-Overload-Induced Heart Disease
Chronic iron injections in WT and high-iron diet in HJVKO murine models are well-established models of iron overload recapitulating secondary iron overload and genetic Tables 1 and 2) , increased exponential time constant of the decay in LV pressure during isovolumic relaxation (s), and decreased dP/ dt max /dP/dt min ratio with no change in EF (Figure 2C and 2D ; Tables 1 and 2 ). In contrast, female WT as well as HJVKO mice were protected against iron-overload-induced diastolic dysfunction (Figure 2A through 2D ; Tables 1 and 2) .
We next investigated the mechanism for the sex differences in iron-overload cardiomyopathy. Estrogen can modulate iron homeostasis by regulating hepcidin and ferroportin expression via an estrogen response element. Iron overload resulted in an equivalent increase in cardiac iron deposition as assessed by Prussian blue staining ( Figure 2E and 2F) and quantification of myocardial iron levels using inductively coupled plasma-resonance mass spectrometry ( Figure 2G and 2H) in male and female hearts. Taqman real-time PCR analysis for ferritin, a ubiquitous intracellular iron-storage protein, showed that ferritin light-chain and heavy-chain mRNA were higher in female than in male WT and HJVKO hearts in response to iron overload ( Figure 2I and 2J) . Basal mRNA expressions of the iron-regulatory proteins hepcidin and ferroportin were higher and lower, respectively, in female compared to male WT hearts and were increased in response in iron overload ( Figure 2I ). Although similar changes were seen in ferroportin expression in HJVKO hearts, hepcidin levels were markedly suppressed and remained unchanged in response to iron overload (Figure 2J) . Altered ferritin mRNA levels were reflected in ferritin protein level in WT hearts ( Figure 2K) , and there was an equivalent increase in ferritin protein in iron-overloaded HJVKO hearts ( Figure 2L ). These results clearly document a marked sexual dichotomy in the response to iron overload whereby female mice are clearly protected against ironoverload cardiomyopathy despite an equivalent degree of myocardial iron deposition.
Female Mice Are Protected Against Iron-Overload-Mediated Myocardial Oxidative Stress and Myocardial Fibrosis
Iron-induced myocardial oxidative stress and lipid peroxidation coupled with reduced myocardial antioxidant reserves are major pathogenic processes in iron-overload cardiomyopathy. 9, 10, 40, 41 Whereas male iron-overloaded hearts demonstrated marked increase in oxidative stress, ironoverloaded female WT and HJVKO hearts did not show increased oxidative stress ( Figure 3A through 3F) . Male WT and HJVKO iron-overloaded hearts displayed increased dichlorodihydrofluorescein (DCF) and DHE fluorescence and 4-HNE levels that were markedly suppressed in female hearts ( Figure 3A and 3B) . The increased oxidative stress in male iron-overloaded hearts was associated with a severe decrease in GSH levels, a key antioxidant reserve ( Figure 3C and 3D), and increased MDA levels, a marker of lipid peroxidation ( Figure 3E and 3F) . In contrast, female ironoverloaded hearts demonstrated a marked resistance to oxidative damage reflected in reduced glutathione ( Figure 3C and 3D) and unchanged MDA ( Figure 3E and 3F) levels. The expression of 2 key antioxidant enzymes, catalase and heme oxygenase 1 (HMOX1), and antioxidants thioredoxin 1 (TRXN1) and metallothionein-1 (MT1) was evaluated. Baseline catalase expression was greater in female hearts but increased in male hearts ( Figure 3G and 3H) , whereas HMOX1 levels increased to a greater extent in female WT iron-overloaded hearts ( Figure 3I and 3J) . Expression of TRXN1 and MT1 was greater in female compared to male hearts, but although TRXN1 expression did not change in response to iron overload ( Figure 3K and 3L) , MT1 expression increased equivalently ( Figure 3M and 3N) .
We next assessed the extent of myocardial hypertrophy, fibrosis, and apoptosis, key pathological events in heart disease. Increased interstitial fibrosis is a characteristic feature of diastolic dysfunction. Iron overload in male WT and HJVKO mice resulted in increased myocardial interstitial fibrosis as seen in the PSR staining and quantification of collagen content ( Figure 4A and 4B) . Myocardial fibrosis in male iron-overloaded mice was associated with increased mRNA expression of procollagen I and III ( Figure 4C and 4D) and myocardial disease markers, atrial natriuretic factor (ANF), BNP, b-myosin heavy chain (b-MHC), and a-skeletal actin (aSkA) ( Figure 4E and 4F) . Interestingly, female WT and HJVKO mice were protected against iron-overload-mediated increase in myocardial fibrosis and the increased expression of collagen genes and disease markers ( Figure 4A through 4F) . 
Abnormalities in myocardial Ca
2+
-handling proteins are linked to cardiac dysfunction. 42 However, we found no alteration in myocardial SERCA2a and NCX1 protein levels in male and female mice in response to iron overload ( Figure 4G and 4H ). In addition, both female and male mice did not show increased myocardial apoptotic cell death in response to iron overload as Figure 11 . Lack of myocardial apoptosis in chronic iron-overloaded mice based on terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining in WT (A) and HJVKO (B) female hearts (n=3 each). Two sections from each heart were stained and imaged, and 5 fields were examined from each section. Positive TUNEL staining is shown (white arrows) from 3-day post-myocardial infarction murine hearts using the LAD ligation technique (C). Quantification of TUNEL images did not show TUNEL-positive nuclei in WT and HJVKO female hearts. Positive control showed markedly increased TUNEL-positive nuclei (D). LAD indicates left anterior descending; HJVKO, hemojuvelin-null; MI, myocardial infarction; ND, not detectable; OVX, ovariectomy; PI: propidium iodide; WT, wild-type.
shown by TUNEL staining ( Figure 5 ). We next assessed estrogen receptors (ER) in the heart and showed that although basal myocardial ER-a protein levels were higher in male compared to female WT hearts, ER-a and ER-b levels were unaffected by iron overload in WT and HJVKO hearts ( Figure 6) . Our results collectively demonstrate that whereas male mice showed severe myocardial oxidative stress and fibrosis, female mice were markedly resistant to iron-overload-mediated myocardial oxidative damage and fibrosis.
Ovariectomy Results in Loss of Protection and Increased Susceptibility to Iron-Overload Cardiomyopathy in Female Mice
To determine the effects of estrogen on the observed protection from iron-overload cardiomyopathy in female mice, we performed bilateral ovariectomies (OVX) in female WT and HJVKO mice (Figure 7 ). Hematoxylin-eosin staining was used to confirm the complete removal of both ovaries from every mouse that underwent OVX, and plasma 17b-estradiol levels were markedly lowered in both female WT and HJVKO mice following OVX and were not affected by iron overload (Figure 8 ). Following a 2-week recovery period, mice were then subjected to iron overload. Importantly, OVX-WT female mice showed marked worsening of cardiac function in response to iron overload, resulting in systolic and diastolic dysfunction compared with preserved cardiac function in sham-operated female mice (Figure 9 ; Tables 1 and 2 showing increased ER-a in male WT hearts with no changes observed in response to iron overload; n=6 per group; *P<0.05 for effect of ovariectomy. HJVKO indicates hemojuvelin-null; OVX, ovariectomy; R.R., relative ratio; WT, wild-type. Western blot analysis and quantification clearly showed significant downregulation in myocardial sarco/endoplasmic reticulum Ca 2+ ATPase 2a (SERCA2a) and sodium-calcium exchanger 1 (NCX1) levels in female WT (I) and HJVKO (J) iron-overloaded hearts following OVX. R.E. indicates relative expression; R.F., relative fraction; R.R., relative ratio; n=8 for gene expression analysis; n=4 for histology and Western blot analyses. *P<0.05 for effect of OVX; # P<0.05 for effect of iron; $ P<0.05 for interaction.
precipitated systolic dysfunction as shown by the reduced EF, preload-corrected dP/dt max , and end-systolic pressurevolume relationship ( Figure 9C ). Representative pressurevolume loops demonstrated diastolic and systolic dysfunction with LV dilation in OVX iron-overloaded female WT mice ( Figure 9D ). Ovariectomy in HJVKO female mice resulted in a similar pattern of cardiac dysfunction characterized by diastolic dysfunction (Figure 9E and 9F) and systolic dysfunction ( Figure 9G ), as illustrated by representative pressurevolume loops ( Figure 9H ). To determine whether OVX has any effects on iron deposition, we characterized myocardial iron deposition in female mice by Prussian blue staining ( Figure 10A and 10B) and inductively coupled plasma-resonance mass spectrometry ( Figure 10C and 10D) , which showed that the degree of iron deposition was equivalent in OVX and sham-operated female mice in response to iron overload. Ovariectomy inhibited iron-overload-induced upregulation of myocardial ferritin mRNA ( Figure 10E and 10F) and protein ( Figure 10G and 10H) levels in WT and HJVKO female mice with the exception of ferritin light-chain mRNA expression in HJVKO mice ( Figure 10F ). Ovariectomy in WT and HJVKO females significantly increased the myocardial expression of ferroportin and decreased hepcidin expression in WT hearts in response to iron overload, but the hepcidin expression in HJVKO hearts remained blunted ( Figure 10E and 10F) . Signaling pathways are known to be sex dependent and may modify the myocardial stress response. 21 We then assessed phosphorylation of Akt by Western blot analysis and found that phosphorylation (serine-473) of Akt remained unchanged in response to iron overload in female mice and was unaffected by OVX ( Figure 10I and 10J) . Notably, OVX did not increase the susceptibility to apoptotic cell death in response to iron overload, as shown by TUNEL staining (Figure 11 ), whereas OVX in WT and HJVKO females significantly increased myocardial ER-a protein levels without affecting the levels of ER-b ( Figure 12 ). Thus, OVX in female mice resulted in iron-overload-induced cardiac dysfunction and lack of upregulation of ferritin levels without a differential effect on myocardial iron deposition.
Loss of Antioxidant Defense Correlated With
Iron-Overload-Mediated Oxidative Stress and Heart Disease in OVX Female Mice
To understand the contribution of estrogen to the intrinsic antioxidant defense capacity of female mice, we assessed myocardial oxidative stress, hypertrophy, and fibrosis. Interestingly, OVX resulted in a loss of antioxidant defense seen in the WT and HJVKO female hearts and resulted in greatly increased iron overload-induced myocardial oxidative stress characterized by markedly increased DCF and DHE fluorescence and 4-HNE levels ( Figure 13A and 13B), lowered reduced glutathione levels ( Figure 13C and 13D) , and increased MDA levels ( Figure 13E and 13F) . Gene expression analysis revealed decreased expression of catalase (Figure 13G and 13H ) and HMOX1 ( Figure 13I and 13J ) following OVX and a lack of upregulation in response to iron overload. Similarly, baseline expression of TRXN1 ( Figure 13K and 13L) and MT1 ( Figure 13M and 13N) was lowered in the OVX group, and the iron-overload associated upregulation of MT1 was blunted ( Figure 13M and 13N) . Ovariectomy also increased the susceptibility to myocardial interstitial fibrosis in WT and HJVKO female mice, as shown by representative PSR staining and quantification of collagen content (Figure 14A and 14B) coupled with increased mRNA expression of procollagen I and III ( Figure 14C and 14D) . Pathological myocardial hypertrophy was exacerbated in iron-overloaded OVX WT and HJVKO females as illustrated by the increased expression of disease markers, ANF, brain natriuretic peptide (BNP), b-myosin heavy chain (b-MHC), and a-SkA ( Figure 14E and 14F) and morphometric assessment showing increased LV weights ( Figure 14G and 14H) . Downregulation of SERCA2a and increased NCX1 levels have been linked to diastolic and systolic dysfunction. [42] [43] [44] [45] Importantly, OVX also resulted in decreased SERCA2a ( Figure 14I ) and increased NCX1 ( Figure 14J ) protein levels in WT and HJVKO hearts in response to myocardial iron overload. Loss of ovarian function resulted in iron-overload-induced oxidative stress linked with increased myocardial fibrosis, pathological hypertrophy, and altered Ca 2+ regulatory proteins.
17b-Estradiol Therapy Rescued Iron-Overload Cardiomyopathy in Male Iron-Overloaded Mice
We next determine whether the therapeutic effects of 17b-estradiol can rescue the iron-overload cardiomyopathy in male WT mice ( Figure 15A ). Interestingly, exogenous supplementation with 17b-estradiol rescued the diastolic dysfunction associated with iron-overload cardiomyopathy in male mice in the setting of preserved systolic function ( Figure 15B ). Estradiol therapy resulted in marked normalization of ironinduced myocardial oxidative stress as determined by DCF and DHE fluorescence ( Figure 16A and 16B) and lack of myocardial fibrosis evaluated by PSR staining ( Figure 16C ) without affecting myocardial iron deposition determined by Prussian blue staining ( Figure 16D) . These results clearly demonstrate that 17b-estradiol therapy mediates beneficial effects in a male iron-overload cardiomyopathy model.
Discussion
Iron-overload cardiomyopathy remains an important cause of morbidity and mortality in patients with secondary ironoverload and primary hemochromatosis. [5] [6] [7] [8] In this study we investigated sex-based differences in iron-overload cardiomyopathy in male and female WT and HJVKO mice. Our chronic acquired and genetic murine models of iron overload recapitulate essential features of clinical iron overload and its associated heart disease. 9, 10, 30, 32 Although WT mice with a C57BL6 background can be resistant to iron-overload cardiomyopathy, 46 our murine models had prolonged iron overload, and we used appropriate sex-, age-, and strainmatched mice as appropriate controls. We showed that female acquired and genetic murine models were markedly resistant to iron-mediated cardiac injury based on functional, histological, and molecular determinants of heart disease. Importantly, we evaluated cardiac function using no-invasive echocardiography and invasive pressure-volume loops, and whereas iron-overloaded females showed normal cardiac function, iron-overloaded males exhibited diastolic dysfunction. In contrast, iron overload in OVX females resulted in advanced iron-overload cardiomyopathy characterized by both diastolic and systolic dysfunction. The phenotypic features and response to OVX were similar in both models, highlighting a conserved mechanism for the sex-dependent cardiac remodeling in response to iron overload. Ferritin mRNA was concordant with ferritin protein levels in WT hearts, but there was some degree of discordance between ferritin mRNA/protein levels in HJVKO hearts, which may be related to differences in the type of iron overload, the genetic strain of the mice, and our assessment of total ferritin protein levels. Sexual dimorphisms in terms of cardiovascular diseases and iron metabolism exist in humans as well as in experimental animals. 16, 21, 47 Iron-overload-mediated injury and clinical outcomes in female patients are better compared to male patients with b-thalassemia, 48 sickle cell anemia, 49 and primary hemochromatosis. 50 Several lines of evidence showed that estrogen exerts pleiotropic cardioprotective effects in well-established models of heart failure such as pressure overload 14 and myocardial ischemia-reperfusion injury. 16, [18] [19] [20] [21] 25 Our study extends these observations, and we demonstrated sex-specific differences in iron-overloadmediated heart disease. In humans sex differences are thought to be related to menstrual blood loss and lowered iron stores and serum ferritin in females compared to males. 51 In addition, regulation of iron metabolism is tightly controlled at a systemic level through the hepcidin/ferroportin axis, 4, 52 and gonadal steroids can modulate iron metabolism such as estrogen-mediated suppression of hepcidin and ferroportin expression. 47, 52, 53 Rodents have estrous cycles in which there is no menstrual blood loss, and therefore, this cannot be evoked as the mechanism for the sex differences in iron-overload cardiomyopathy. Our assessment of iron deposition using both quantitative measures and histological staining showed equivalent degrees of myocardial iron overload in females compared to males and in response to OVX. Instead, our data strongly suggest that the intrinsic response of the myocardial tissue to iron-induced injury is strongly modulated by sex. Excess iron promotes oxidative stress via the Fenton reaction and is the major pathogenic process in iron-overload cardiomyopathy. 9, 12, 13, 41 Interestingly, we found that preserved ovarian function was associated with a potent antioxidant response in the heart and upregulation of myocardial ferritin levels. Female sex was clearly associated with blunting of iron-induced myocardial oxidative stress, lipid peroxidation product, and increased intrinsic antioxidant capacity. Conversely, OVX markedly exacerbated iron-overload-induced myocardial oxidative stress. In male iron-overloaded mice, 17b-estradiol, which mainly acts through its classical receptors ER-a and/or ER-b, which are both present in the heart, 14 rescued iron-overloadinduced diastolic dysfunction with normalization of the increased myocardial oxidative stress and fibrosis. These results further support the concept that 17b-estradiol can mediate therapeutic effects in males as seen in the pressureoverload heart failure model. 14 The ability to counteract iron-mediated oxidative stress is a key protective mechanism, 9, 31, 54 and our results clearly demonstrate that estrogen-mediated differences in reactive oxygen species (ROS) production could account for the malefemale differences in cardiovascular function and disease. Several studies have suggested that female mitochondria generate less ROS, 21, 55 and iron-induced mitochondrial ROS production may also have been curtailed in female hearts. Diastolic dysfunction correlated with increased myocardial fibrosis in the setting of increased myocardial oxidative stress, possibly by activating the myocardial transforming growth factor-b signaling cascade. 56, 57 Importantly, systolic dysfunction in iron-overloaded OVX female mice was associated with marked reduction in SERCA2a and increased NCX1 levels, which represent a pivotal pathophysiological change in systolic heart failure. 42, 45 Our results are consistent with the effects of female reproductive hormones on myocardial excitationcontraction coupling and clearly support a role of directed antioxidant therapy for iron-overload cardiomyopathy. 31, 58 We demonstrated decreased SERCA2 protein levels, but oxidative posttranslational modification of SERCA2a may also have directly contributed to the myocardial dysfunction.
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